Tumor necrosis factor-α (TNF-α) is a pluripotent signaling molecule. The biological effect of TNF-α includes slowing down osteogenic differentiation, which can lead to bone dysplasia in long-term inflammatory microenvironments. Signal transducer and activator of transcription 3 (STAT3)-interacting protein 1 (StIP1, also known as elongator complex protein 2, ELP2) play a role in inhibiting TNF-α-induced osteoblast differentiation. In the present study, we investigated whether and how ELP2 activation mediates the effects of TNF-α on osteoblastic differentiation. Using in vitro cell cultures of preosteoblastic MC3T3-E1 cells, we found that TNF-α inhibited osteoblastic differentiation accompanied by an increase in ELP2 expression and STAT3 activation.
| INTRODUCTION
Human bones constantly renew themselves with the metabolism of the body. The balance of bone mass is maintained by the osteogenic effects of osteoblasts and the bone resorption effects of osteoclasts (Almeida et al., 2017) . However, a few of persistent inflammation, such as systemic lupus erythaematosus, rheumatoid arthritis, and traumatic fractures, is associated with bone formation and imposed an adverse influence on bone mass balance and bone regeneration (Mcbridegagyi, Mckenzie, Buettmann, Gardner, & Silva, 2015) . Tumor necrosis factor-α (TNF-α) is a representative of the proinflammatory cytokines which is a catabolic factor for inflammatory responses in disease (Li et al., 2010) . Persistent inflammation has a significant effect on bone regeneration. Once the signaling pathways are elucidated, possible strategies can be adopted to circumvent inflammation suppression of tissue regeneration (Tsialogiannis et al., 2009 ).
TNF-α inhibits osteoblast differentiation by downregulating the expression of key osteoblast markers such as Runx2 and decreasing the activity of alkaline phosphatase (ALP; Kaneki et al., 2006) .
Previous research of Yamazaki et al. (2009) and us have demonstrated that TNF-α inhibits osteoblast differentiation by activating the NF-κB pathway, directly leading to the elimination of Smad1 signaling (Li et al., 2010) . Other reports also indicated that TNF-α-induced differentiation inhibition occurs via the SAPK/JNK signaling (Mukai et al., 2007) . Although the inhibition effect of TNF-α has been reported, further studies are needed involving the detailed TNF-α signaling pathway. Our previous study on proteomics (Xu et al., 2015) , used isobaric tags for relative and absolute quantitation (iTRAQ) combined with multiple reaction monitoring quantitative proteomics methods, revealed that ELP2 has a vital regulatory effect on TNF-α-induced osteoblast differentiation inhibition and liganddependent signal transducer and activator of transcription 3 (STAT3) activation in the presence of TNF-α.
The evolutionarily conserved elongator complex (EC) plays a role in gene regulation, is associated with various cellular activities, and has attracted cultural attention (Karlsborn et al., 2014) . There are two subcomplexes in the whole EC structure, each composed of three subunits. The ELP123 (ELP1-ELP3) subunits are the core subcomplex, whereas the ELP456 (ELP4-ELP6) subunits have been suggested to be an ancillary subcomplex (Glatt, Séraphin, & Müller, 2012) . ELP2, also known as STAT3-interacting protein 1 (StIP1), regulates the ligand-dependent activation of STAT3 (Collum, Brutsaert, Lee, & Schindler, 2000; Hawkes et al., 2002; S. Lu, Fan, Li, & Fan, 2018) . STAT3 has been demonstrated to be able to be activated by TNF-α in many processes (Yoshimura, 2006) . However, the above findings separately resulted from different cell sources and different experimental conditions in vitro, and the molecular mechanisms of ELP2 involved in the early stages of osteogenic differentiation in an inflammatory microenvironment are still poorly understood. The results of our quantitative proteomics and protein interaction analyses in our previous study led us to hypothesize that ELP2 may act downstream of TNF-α and negatively regulate osteoblast differentiation impaired by TNF-α through STAT3 activation (Xu et al., 2015) .
MC3T3 is an osteoblast precursor cell line derived from Mus musculus (mouse) calvaria and it has been widely used as a model to investigate osteoblast differentiation in early stage (Son et al., 2008) .
Based on the background above, the aim of this study was to test the hypothesis that ELP2 promotes the deleterious effects of TNF-α on osteoblastic differentiation in mouse preosteoblastic MC3T3-E1 cells and that the underlying mechanism may involve ELP2 acting downstream of TNF-α while simultaneously promoting the activation of STAT3.
| MATERIALS AND METHODS

| Reagents
Dulbecco's modified Eagle's medium (DMEM), fetal calf serum, and penicillin-streptomycin solution were purchased from Life Technologies Corporation (Carlsbad, CA). Dimethylsulfoxide, human recombinant TNF-α, and Alizarin Red Staining were purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO).
| Cell culture and osteoblast differentiation
Preosteoblastic MC3T3-E1 cells were obtained from the American Type Culture Collection (Manassas, VA). The cells were cultured in α-modified Eagle's medium (α-DMEM; Thermo Fisher Scientific, Waltham, MA). A total of 10% (v:v) fetal bovine serum and 1% (v:v) each of penicillin, glutamine, streptomycin, and sodium pyruvate were added into the culture medium. Cells were cultured in six-well plates in 37°C under a humidified atmosphere of 5% CO 2. Osteogenic differentiation was induced by culture medium containing 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate, which were added at end of logarithmic phase.
Then, cells were serum starved, followed by treatments of normal control vehicle, TNF-α at different concentrations as indicated.
| Plasmid constructs and cell transfection
The full-length nucleotide sequence of human ELP2 (NCBI: NM_021448.2) was amplified with real-time polymerase chain reaction (RT-PCR) with total RNA of MC3T3-E1 cells. The sequence was then cloned into the pcDNA3 expression vector (Invitrogen, San Diego, CA) to construct recombinant vector pcDNA3-ELP2 with the primers listed in Table 1 . Then pcDNA3-ELP2 was transfected into MC3T3-E1 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol and the pcDNA3 vectors without insertion were served as blank controls.
The ELP2 small interfering RNA (siRNA) and negative control siRNA were purchased from GenePharma (Shanghai, China). The sequences were designed as listed in Table 1 
| RNA extraction and quantitative PCR analysis
The total RNA samples of each cell group were extracted using Trizol reagent (Invitrogen) and the protocol was according to the manufacturer's instructions. The QuantiTect SYBR Green PCR Kit (Invitrogen) and the MX3005P multiplex quantitative PCR system (ABI PRISM, Waltham, MA) were used to quantify the messenger RNA (mRNAs) after the extraction procedure. β-actin gene was used as reference genes and three repeats were performed to keep accuracy. The primers used in this step are listed in Table 1 . The relative expression levels of were calculated using the comparative C t ΔΔ method and fold changes were calculated by the equation 2 Ct −ΔΔ . The fold-change values were further calculated and represented as the means ± standard error of mean of mRNA expression normalized to β-actin.
| Western blot analysis
After MC3T3-E1 cells treated with or without TNF-α, the expression levels of targeting proteins were determined using western blot assays.
The procedures and antibodies were according to the previous report (Xu et al., 2015) , that is anti-ELP2 (rabbit polyclonal to ELP2; ab18048; 
| Luciferase reporter assay
Luciferase reporter gene assay was performed to measure STAT3 transcriptional activity (Zhang, Xiao, Wang, Tian, & Zhang, 2011) . 
| Immunofluorescence microscopy
As described in the study (Yang et al., 2007) , phospho-STAT3's levels T A B L E 1 Primers/overexpression and RNA-interference sequences used in this study Name Sequence
Note. qRT-PCR: quantitative real-time polymerase chain reaction; siRNA: small interfering RNA. 
| Assessment of cell mineralization
For the evaluation of mineralization, the culture medium was supplemented with 50 μg/ml ascorbic acid (Sigma) and 3 mM inorganic phosphate (NaH 2 PO 4 ; Sigma) to promote matrix synthesis and mineralization process. At the indicated time points, cell plates were collected and the cells on each plate were fixed in 4% paraformaldehyde in PBS (v:v) . Matrix mineralization was evaluated by Alizarin Red staining according to the previous report (Luppen, Smith, Spevak, Boskey, & Frenkel, 2010) and an Olympus microscope (Olympus, Tokyo, Japan) was used to perform microphotography.
| Statistical analysis
The software analysis of variance (SPSS 13.0, SPSS Inc., Chicago, IL) was used to find various treatments' effects after establishing that the data were normally distributed and of equivalent variances. The homogeneity of the variance of samples to be compared was examined employing Levene's test. The variance was tolerated to heterogeneous if p > 0.05, and the least significant difference (LSD) approach was used to carry out appropriate pairwise comparisons of treatment groups. Otherwise, Dunn's post hoc test was used to perform treatment groups' pairwise comparisons. Unless differently stated, the results are shown as the mean ± standard deviation and performed in triplicate and repeated no less than one time.
3 | RESULTS
| TNF-α upregulates ELP2 in MC3T3-E1 cells at early stages of osteoblast differentiation
We first analyzed the gene expression occurring during osteogenic differentiation inhibition induced by TNF-α using the established preosteoblastic MC3T3-E1 cell line, which has osteogenic potential in vitro. As shown in Figure 1a , at 3 days, TNF-α influenced the suppression of cell viability, indicated by a marked decrease in ALP activity, which is an early marker of osteoblast differentiation (Figure 1b) . Furthermore, TNF-α decreased the osteogenic capacity of MC3T3-E1 cells to induce extracellular matrix mineralization (Figure 1c ). (Figure 2c,d) . Therefore, our data demonstrate that TNF-α inhibits MC3T3-E1 cell osteoblast differentiation by activating STAT3.
| ELP2 inhibits osteogenic differentiation in MC3T3-E1 cells
We next determined the role of ELP2 in the early stages of osteoblast differentiation in MC3T3-E1 cells. A pcDNA3 expression vector encoding the full-length ELP2 sequence (pcDNA3-ELP2) was used to transduce cells along with an empty pcDNA3 vector as a control.
Transduction with pcDNA3-ELP2 increased ELP2 protein expression in MC3T3-E1 cells (Figure 3a) . We then investigated its effect on the basal expression of osteoblast markers, and qRT-PCR analysis showed that MC3T3-E1 cells transduced with pcDNA3-ELP2 exhibited lower Runx2, ALP, osteonectin, osterix, OPN, and OCN mRNA expression than those transduced with the empty pcDNA3 vector (Figure 3b) . Furthermore, forced expression of ELP2 also decreased ALP activity and extracellular matrix mineralization in the cells (Figure 3c,d) . These results demonstrate that forced ELP2 expression inhibits osteoblast marker gene expression and osteogenic differentiation in MC3T3-E1 cells.
| ELP2 silencing ameliorates TNF-α-induced osteogenic differentiation inhibition in MC3T3-E1 cells
To investigate the role of ELP2 in osteogenic differentiation inhibition by TNF-α in MC3T3-E1 cells, we next analyzed the effect of silencing F I G U R E 2 TNF-α inhibits MC3T3-E1 cell osteoblast differentiation by activating STAT3. MC3T3-E1 cells were incubated with culture medium with different concentrations of TNF-α for 72 hr (a) or 5 ng/ml of TNF-α for the indicated time periods (b). The intensity of osteoblast differentiation was determined via measuring the ALP activity. Cells were stimulated with 5 ng/ml TNF-α for 4 hr, and the relative levels of STAT3 expression and phosphorylation were determined by western blot analysis (c) and quantified by densitometry (d). Data are the means ± SD of at least three replicates. *p < 0.05 vs. unstimulated controls. ALP: alkaline phosphatase; TNF-α: tumor necrosis factor-α; SD: standard deviation; STAT3: signal transducer and activator of transcription 3 
| ELP2 promotes TNF-α-induced Janus kinase 2/STAT3 activation in MC3T3-E1 cells
To further understand the mechanisms underlying ELP2's action, we studied if ELP2 could facilitate the TNF-α-mediated Janus kinase 2 (JAK2)/STAT3 activation. According to the RNA interference result, the expression levels of JAK2 and STAT3 were similar in ELP2-silenced and control group, even boosted with a TNF-α stimulation. However, the levels of phospho-JAK2 and phospho-STAT3 in ELP2-silenced cells were clearly lower than those in the negative control group. And, the same phenomenon occurred when TNF-α was either absent or present (Figure 5a ). According to the STAT3 transcriptional activity measurement, the activity of ELP2-silenced group was significantly lower than that of the negative control group and was not significantly affected with the presence of TNF-α (Figure 5b) . In summary, these data indicated that ELP2 triggered the phosphorylation process of JAK2/STAT3. In addition, there was less intense anti-phospho-STAT3 staining in the nuclei of ELP2 siRNA-transfected cells than in those of control cells, even after TNF-α stimulation (Figure 5c ).
| DISCUSSION
TNF-α is a pleiotropic cytokine that becomes elevated in chronic inflammatory states. The effects of TNF-α include slowing down osteogenic differentiation, which leads to bone dysplasia in long-term inflammatory microenvironments. A previous study of ELP2 function reported that overexpressing ELP2 leads to an upregulation of TNF-α-induced inhibition of osteoblast differentiation (Xu et al., 2015) .
Here, we identified a role for ELP2 in the early stages of TNF-α-induced osteogenic differentiation inhibition in MC3T3-E1 cells. (Wang et al., 2013) .
Consequently, ELP2 plays an essential role in conferring total enzyme activity and occupies a significant role in downstream regulation. Our previous research on ELP2 function reported that overexpressing ELP2 results in the upregulation of TNF-α-induced inhibition of osteoblast differentiation (Xu et al., 2015) . In the present study, we used preosteoblastic MC3T3-E1 cells to demonstrate that ELP2 is upregulated significantly during the early stages of TNF-α-induced inhibition of osteoblast differentiation compared with its expression in non-TNF-α-stimulated cells and that ELP2 expression is negatively associated with the osteogenic capacity and extracellular matrix mineralization of MC3T3-E1 cells. We also found that ELP2 overexpression inhibited spontaneous MC3T3-E1 cell osteogenic differentiation.
ELP2 may be a positive regulator of the inflammatory microenvironment in MC3T3-E1 cells, which is negatively associated with osteoblast differentiation.
A growing body of evidence suggests that an inflammatory environment has an adverse effect on the recovery of bone tissue (H. Huang et al., 2011; Novack & Mbalaviele, 2016; Robaszkiewicz et al., 2016) . Among the inflammatory factors, TNF-α may affect osteoclastogenesis and bone formation (Kong et al., 2013; Qin et al., 2015) . Inflammation may have both positive and negative effects on bone regeneration in various physiological and pathological processes. In contrast to the classical effects of inflammatory factors on bone loss, work from several laboratories has revealed that TNF-α may increase osteogenesis (Hess, Ushmorov, Fiedler, Brenner, & Wirth, 2009; Z. Lu, Wang, Dunstan, & Zreiqat, 2012; Mountziaris, Tzouanas, & Mikos, 2010) . A prominent difference between this discordance may lie not only in the differentiation state of the starting cells but also in the TNF-α concentration. Some studies have demonstrated that low-concentration TNF-α ( < or = 1 ng/ml) moderately promotes osteoblast differentiation (Daniele et al., 2017;  F I G U R E 6 A proposed model by which ELP2 mediates TNF-α-induced osteogenic differentiation inhibition in MC3T3-E1 cells. ELP2 upregulation induced by TNF-α increases STAT3 activation, resulting in decreased Runx2 and osteoblast differentiation gene expression in MC3T3-E1 cells. When ELP2 is upregulated after TNF-α stimulation, JAK2 is phosphorylated. This phosphorylation leads to STAT3 phosphorylation and subsequent dimerization of this molecule. The phosphorylated STAT3 dimer translocates to the nucleus and activates the transcription of genes associated with inflammation, led to the inhibition of BMPR2 expression and block BMP-2-induced osteoblast differentiation. ALP2: alkaline phosphatase; BMPR-2: bone morphogenetic protein receptor 2; ELP2: elongator complex protein 2; TNF-α: tumor necrosis factor-α; STAT3: signal transducer and activator of transcription 3 [Color figure can be viewed at wileyonlinelibrary.com] H. Huang et al., 2011) . In this study, we found that highconcentration TNF-α mainly had negative effects on osteogenic differentiation, mostly consistent with the previous reports (Gilbert et al., 2000; Tsukasaki et al., 2011) . We also found that TNF-α inhibited MC3T3-E1 cell osteogenic differentiation, which was associated with receptor-mediated downstream STAT3 activation.
Our data are consistent with previous findings (Nan et al., 2017) and demonstrate that TNF-α inhibits MC3T3-E1 cell osteogenic differentiation through its receptor. Interestingly, we found that ELP2 silencing ameliorated the inhibition of osteogenic differentiation by TNF-α in MC3T3-E1 cells. ELP2 silencing may inhibit inflammation in MC3T3-E1 cells, thereby promoting osteogenic differentiation.
Through its TNF-α receptor/TNFR2, TNF-α can activate the downstream STAT3 pathway in inflammation-associated diseases (Hamilton, Simmons, Ding, Van, & Lund, 2011) . STAT3 is an important transcription factor that plays crucial roles in immune regulation, inflammation, cell proliferation, transformation, and other physiological processes (Y. Huang et al., 2015) . We found that high levels of JAK2/STAT3 activation were positively regulated by exogenous TNF-α, which was consistent with previous reports (Agrawal, Gollapudi, Su, & Gupta, 2011; Chen et al., 2018) , and subsequently suppressed the osteogenic differentiation of MC3T3-E1 cells in pathological processes. In addition, we also found that ELP2 silencing inhibited spontaneous and TNF-α-promoted STAT3 activation in MC3T3-E1 cells, accompanied by increased Runx2, ALP, osteonectin, osterix, OPN, and OCN expression, enhanced matrix mineralization and lower levels of phospho-STAT3 and phospho-JAK2 in MC3T3-E1 cells. Our findings indicate that the inhibition of TNF-α-induced STAT3 activation can promote MC3T3-E1 cell osteogenic differentiation (He, Yang, Isales, & Shi, 2012; Przekora & Ginalska, 2017) . The JAK2/STAT3 signaling pathway is one of the most described pathways that is known to negatively regulate osteoblast differentiation (Matsushita et al., 2014) . In contrast, a previous study (Xie et al., 2018) demonstrated that IL-6 activated the downstream STAT3 signaling pathway, which promotes osteogenic differentiation in bone marrow-derived mesenchymal stem cells in physiological processes. We conclude that controversies regarding the roles of STAT3 activation in osteoblastic differentiation may have resulted from differences in the cell source and differences in experimental conditions in vitro. Interestingly, we found that when TNF-α was added, ELP2 and STAT3 were elevated, indicating that ELP2 may regulate Runx2, ALP, osteonectin, osterix, OPN, and OCN expression to reduce MC3T3-E1 cell osteogenic differentiation and matrix mineralization. It can be seen from these data that ELP2 is involved in osteoblast differentiation via STAT3. The activation of STAT3 also leads to a downregulation of bone morphogenetic protein receptor 2 (BMPR2; Brock et al., 2009; Meloche et al., 2013) , which is the central receptor of BMP-2 in osteoblast differentiation via the BMP-2/Smad1/5/8 pathways (Haversath, Catelas, Li, Tassemeier, & Jäger, 2012; Liou et al., 2015) .
Another study showed that TNF-α inhibits BMPR2 expression (Singhatanadgit, Salih, & Olsen, 2006) . Based on our results, we propose a model in which ELP2 is upregulated by TNF-α and activates STAT3, which then inhibits BMPR2 expression to block BMP-2; therefore, BMP-2-induced osteoblast differentiation is impaired in MC3T3-E1 cells (Figure 6 ). Conceivably, modulation of ELP2 expression or therapeutic treatment with ELP2 may be a promising strategy to control inflammatory osteophytosis disorders in the clinic. However, several limitations still exist in this study, including the lack of understanding of the regulatory mechanism of TNF-α signaling in inhibiting osteoblast differentiation. In addition, the functions of STAT3 during osteogenic differentiation in vitro are still ambiguous.
These limitations should be addressed in future studies.
In conclusion, our data indicate that high concentrations of TNF-α inhibit osteoblastic differentiation accompanied by increased ELP2 expression and STAT3 activation in preosteoblastic MC3T3-E1 cells.
Furthermore, ELP2 is involved in osteoblast differentiation and acts downstream of TNF-α. Forced ELP2 expression inhibits osteogenic differentiation in MC3T3-E1 cells, and ELP2 silencing ameliorates the inhibition of osteogenic differentiation in MC3T3-E1 cells, even after TNF-α stimulation. In addition, we found that the TNF-α-induced inhibitory effect on osteoblastic differentiation is mediated by ELP2 and associated with STAT3 activation. Taken together, these results suggest that ELP2 is upregulated at MC3T3-E1 cell differentiation into osteoblasts and inhibits osteogenic differentiation in response to TNF-α through STAT3 activation.
